Although the spatial focusing property of the conventional time reversal approach facilitates multiuser communications, there always is residual crosstalk between users. A recent paper [Kim and Shin, J. Acoust. Soc. Am. 115, 600-606 (2004)] proposed an adaptive active time reversal approach for simultaneous multiple focusing with minimal interference. This letter applies the adaptive approach to passive time reversal, multiuser communications for additional suppression of crosstalk among users. Experimental data at 3.5 kHz with a 1-kHz bandwidth demonstrate as much as 6.5-dB improvement per user in terms of output signal-to-noise ratio for three-user communications over a 20-km range in 120-m deep shallow water.
Introduction
Over the past several years, the time reversal approach has attracted attention in underwater acoustic communications due to its robustness and lower computational complexity as an alternative to multichannel equalizers. [1] [2] [3] Time reversal, either active or passive, exploits spatial diversity to mitigate the intersymbol interference (ISI) in channels with significant delay spread and can provide nearly optimal performance when combined with channel equalization to remove the residual ISI (see Fig. 1 ). Passive time reversal essentially is equivalent to active time reversal with the communications link being in the opposite direction. 4 The spatial focusing property of time reversal has been applied to multiuser communications 4 where multiple users transmit information simultaneously to the passive time reversal array (similar to a base station in wireless communications). Crosstalk between users (e.g., Fig. 8 of Ref. 4) , however, cannot be completely eliminated using conventional time reversal processing.
Recently Kim and Shin 5 proposed an adaptive active time reversal approach for simultaneous multiple focusing with minimal interference between the received transmissions. The objective of this paper is to apply the adaptive approach to passive time reversal, multiuser communications and investigate its performance improvement over the conventional approach using at-sea experimental data. In Sec. 2 we derive the adaptive time reversal filter in the context of the passive time reversal approach, followed by data analysis.
Adaptive time reversal filter
As depicted in Fig. 2 the shaping pulse, transmit filter, channel impulse response, and receive filter. The conventional time reversal approach then extracts signals from each user j simply by matched-filtering the received signals r i ͑t͒ with each set of the channel responses h i j ͑−t͒ followed by combining. The adaptive filter will be derived in the frequency domain and then converted into a time-domain filter using an inverse fast Fourier transform (IFFT). For simplicity, we consider a two-user case which easily can be generalized to more users.
Let us define a column vector d j as the collective channel responses at frequency f from each user j such that
The received signal vector r then is simply the addition of these two vectors excluding the noise component
Denoting a column vector w as a weight vector (spatial filter) for combining the array element data, the output for User 1, u 1 , becomes Fig. 1 . ͑Color online͒ Passive time reversal receiver for the single user case. Time reversal combining is followed by a single channel equalizer to remove residual ISI.
where † denotes the complex conjugate operation. time reversal filter 5 for User 1, w 1 , can be derived subject to the constraint that w 1 † d 2 = 0, resulting in
Note that R is a cross spectral density matrix exploiting the knowledge of channel responses at the receiving array and the denominator is a normalization constant. 2 I is a small diagonal loading for a matrix inversion with I being an identity matrix. Similarly, an adaptive time reversal filter for User 2, w 2 , can be derived from Eq. (4) by substituting d 1 with d 2 while R remains the same. Now we can construct the adaptive time-domain filter w i j ͑−t͒ which replaces the conventional filter h i j ͑−t͒ in Fig. 2 to eliminate the crosstalk between the users.
Multiuser communications with minimal crosstalk
In order to demonstrate the proposed adaptive time reversal approach, we revisit the time reversal experiment (FAF-05) conducted jointly with NATO Undersea Research Centre in July 2005, north of Elba Island off the west coast of Italy. A detailed description of the experiment can be found in Ref. 4 , and here we review the main parameters relevant for our discussion. The FAF-05 experiment was carried out in a flat region of 120-m deep water, and a 32-element VRA was deployed at two different ranges (4 and 20 km), spanning the water column from 48 to 110 m with 2-m spacing (Fig. 2) . The multiple users (transmitters) were selected from the 29-element source/receive array (SRA). In this paper, we present results for three-user communications at 20-km range. Since most of the energy at 20-km range is captured by the receiver elements at deeper depths (see Fig. 10 of Ref. 4 ), here we use only the bottom 20 elements (i.e., M = 20) for time reversal processing. The probe signal was a 300-ms, 2.5-4.5-kHz linear frequency modulation (LFM) chirp with a Hanning window, resulting in an effective 200-ms, 3 -4-kHz bandwidth chirp. The symbol rate was 500 symbols/ s with an excess bandwidth of 100%, and the communication sequence was 9-s long. The aggregate data rate obtained with three users is then 6 kbits/ s using 16 quadrature amplitude modulation (QAM). The transmitters (users) are positioned at depths of 88, 101, and 113 m, respectively (about 12-m separation).
The performance of three-user communications is shown in Fig. 3 as scatter plots. The left three panels (a) are a reproduction of the conventional time reversal approach presented in Ref. 4 with an overall bit error rate of 1.4% (refer to Fig. 13) . Results of the proposed adaptive time reversal approach are shown in the right three panels (b), exhibiting almost error-free performance. Note that the output signal-to-noise ratios (SNRs) (reciprocal of mean-squareerror) have increased to 17.5, 19.3, and 20.3 dB from 15.3, 12.8, and 13.6 dB, respectively, such that the improvement for Users 2 and 3 is up to 6.5 dB. This example clearly demonstrates that the adaptive time reversal approach can suppress the crosstalk among users, thus resulting in a significant performance enhancement in multiuser communications.
